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By using the piezocone penetration test (PCPT or CPTu), one can develop not only a better understanding of the soil stratiﬁcation, but also an
understanding of soil behavior parameters related to soil compressibility, as well as soil strength. This paper describes a case study that utilizes
incomplete piezocone dissipation test to estimate status of consolidation of a soil deposit. Incomplete pore pressure dissipation record of PCPT is
extrapolated on an inverse time scale (1/t method) to estimate the “in situ” pore pressure and “residual excess” pore pressure. No case study has
been reported in open literature where this methodology has been utilized to estimate the status of consolidation of the soil deposit. In this paper,
the 1/t method was veriﬁed using dissipation data from rigorous calibration chamber tests and ﬁeld test data.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The piezocone penetration test (PCPT or CPTu) is an in situ test
that intrudes a cylindrical cone penetrometer with a pore pressure
sensor into the ground to obtain soil parameters that lead to
characterization and the evaluation of engineering design para-
meters of subsurface. This in situ device has been noted lately as a
preferred mechanism for also determining the hydraulic conduc-
tivity (i.e. permeability and/or the ﬂow characteristics) and consoli-0.1016/j.sandf.2014.06.007
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der responsibility of The Japanese Geotechnical Society.dation of saturated ﬁne-grained soils. The piezocone penetrometer
can be stopped during penetration, and the excess pore pressures
generated around the cone will start to dissipate. Using the “full”
rate of dissipation to equilibrium pore water pressure, one can
estimate the magnitude of the hydraulic conductivity (i.e. perme-
ability) of the deposit and thereby determine its coefﬁcient of
consolidation. The status of the consolidation of the soil deposit
can also be rated. If equilibrium pore water pressure is to be
determined, the dissipation test should continue until no further
dissipation is observed. However, full dissipation test is usually
rather time consuming and is not performed to reach equilibrium
pore water pressure unless it is being undertaken for research. In
general practice, most dissipation tests are carried to 50–80% ofElsevier B.V. All rights reserved.
Fig. 1. Mechanism of cavity expansion (Gupta and Davidson, 1986).
Fig. 2. Typical dissipation curve.
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656 649completion and are thus “incomplete” – they end without
achieving equilibrium pore water pressure.
Incomplete dissipation records for estimating the in situ
hydrostatic pore pressure, u0, have been used in open literature.
Extrapolation of the piezocone dissipation data on an inverse
time scale (1/t method) is the methodology of choice (Whittle
et al., 2000). In this study, the extrapolation method is utilized to
evaluate as to whether a soil deposit is underconsolidated or
completely consolidated. To verify the effectiveness of the 1/t
extrapolation method in estimating the status of consolidation,
12 dissipation test results were analyzed. Two of the dissipation
tests were performed on soil samples under rigorously controlled
conditions in a laboratory calibration chamber, and the rest of
the dissipation data were obtained from ﬁeld tests at the
construction site of a soil improvement project being undertaken
in the southwest coastal area of South Korea. The 1/t method
analyses indicate that, even with incomplete piezocone dissipa-
tion tests, one can effectively use the extrapolation method to
estimate the consolidation status of soil deposits.
2. Theoretical background
Piezocone penetration can generate the excess pore pres-
sures around the cone and the status of consolidation can be
estimated using excess pore pressure dissipation data.
2.1. Mechanism of excess pore pressure generated
by piezocone penetration
The penetration of the piezocone produces a cavity expan-
sion in the immediate vicinity of the penetration path, as
shown in Fig. 1. Such expansion occurs around the tip and
along the path of the shaft of penetration. This cavity
expansion generates excess pore pressures around the tip (u1)
and along the path (u2 or u3) in the deposit being penetrated
under undrained conditions. This means that cone penetration
imposes very high strains in the soil in front of the tip and
along the path of penetration (Likitlersuang et al., 2013). When
the penetration process is arrested for the dissipation test, a
highly disturbed zone of soil mass exists around the penet-
rometer. This is the cavity expansion zone. In this study, we
considered excess pore water pressure behind cone tip (u2).
The remolding and compression of soils in this zone will result
in changes of hydraulic conductivity (i.e., permeability) (Gupta
and Davidson, 1986).
Once the penetration of the piezocone is stopped, the excess
pore pressure gradually dissipates with time. This dissipating
or decreasing excess pore pressure can be plotted with respect
to change of time. This plot is called a dissipation curve. Using
this plot, the value of the hydraulic conductivity and coefﬁ-
cient of consolidation for the soil deposit can be estimated
(Arulrajah et al., 2007; Cai et al., 2012; Chu et al., 2002).
Fig. 2 shows a typical normalized dissipation curve for soft
clay, plotted on a logarithmic time scale. In Fig. 2, uT and ui are
the measured pore pressure at any time t after dissipation
commenced, and the initial pore pressure at the beginning of
the dissipation test (when penetration was arrested), respectively.Obtaining the reliable in situ hydrostatic pore pressure,
particularly in underconsolidated clays, is of the utmost
importance. The pore pressure measured by the piezocone at
time t after starting dissipation, uT, can be divided into two
components: in situ hydrostatic pressure, u0, and excess pore
pressure generated by piezocone intrusion, Δu.
u0 ¼ “original” in situ hydrostatic pressure ðuwÞ
þ residual excess pore pressure ðufÞ ð1Þ
uw ¼ γwater
distance to groundwater level from dissipation depth
uf ¼ residual excess pore pressure in the soil due to ongoing
consolidation in the deposit ðif underconsolidatedÞ
γwater ¼ unit weight of groundwater ð2Þ
Δu¼ uTu0
uT ¼ the measured excess pore pressure at any time t: ð3Þ
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656650As long as the soil deposit is underconsolidated, the residual
excess pore pressure (uf) can remain in the soil deposit even
though the dissipation test is fully undertaken. This residual
excess pore pressure (uf) as shown in Fig. 3 can be residual
from pressures generated by the original geologic overburden,
or be imparted by recent construction loading. uf is not a
component of the excess pore pressure (Δu) generated by
piezocone intrusion. Eventually, uf will decay and converge to
the original in situ hydrostatic pore pressure (uw). As such, the
remaining amount or degree of the uf may be used as an
indicator of the status of consolidation of the soil deposit (Lim
et al., 2009). Fully consolidated or overconsolidated soil
deposits theoretically should have no remaining uf as depicted
in Fig. 3.Fig. 4. Plotting inverse time scale.2.2. Estimating the status of consolidation using incomplete
dissipation data
In Fig. 2, a straight-line relationship can be recognized
between dissipation pore pressure and time by noting that the
last part of the curve in the dotted rectangular box approaches
linearity. Plotting uT versus an inverse time scale (1/t, or 1/
time), typically shows the last segment of the dissipation (i.e.,
uT versus 1/t data) approaches a straight line (Fig. 4).
If this straight line is extrapolated to uT's vertical axis, an
intercept can be obtained on the axis. If the soil is under-
consolidated, this intercept will indicate in situ hydrostatic
pressure (u0), including residual excess pore pressure (uf). In
the case of fully consolidated soil deposit, the intercept will be the
same as the “original” in situ hydrostatic pressure (uw¼γwater -
distance to groundwater level from dissipation depth). In Fig. 4,
the method of extrapolation was performed based on a linear
regression analysis, using the data belonging to the last segment
of the inverse plot line, which appears straight. The squared
coefﬁcient of correlation (R2) in the linear regression analysis
may be used to indicate reliability of the linearity of the
extrapolated line (Jia et al., 2013).Fig. 3. Perception of pore pressures in soil deposit.Using this extrapolation method, the status of consolidation
of the soil deposit can be evaluated as to whether it is
underconsolidated or completely consolidated. To verify the
inverse time scale method for evaluating the status of
consolidation, 12 dissipation test results were analyzed. Two
of the dissipation tests were performed using PCPT in a
laboratory calibration chamber. The rest were from ﬁeld
piezocone tests performed on soft ground soil deposits in the
southwest coastal area of Korea.
3. Experimental study
Two dissipation tests were performed on soil samples under
rigorously controlled conditions in a laboratory calibration
chamber, and 10 dissipation data were obtained from ﬁeld tests
in the southwest coastal area of South Korea.
3.1. Laboratory calibration chamber test (LSU/CALCHAS)
Laboratory piezocone dissipation tests were performed on
large instrumented cohesive soil specimens prepared in the
Louisiana State University, Calibration Chamber System
(LSU/CALCHAS) as shown in Fig. 5. To produce uniform,
homogeneous, and repeatable cohesive soil samples in the
calibration chamber, a technique previously developed for
slurry consolidation under K0 was utilized (Tumay and de
Lima, 1992; Kurup et al., 1994; Lim, 1999). To ascertain
preparation of “fully” consolidated specimens from the ‘stress-
free’ slurry under K0 conditions, eight miniature pore pressure
transducers were embedded inside the slurry during consolida-
tion to monitor pore pressures imparted by the consolidation
process throughout the specimen.
Two large cohesive specimens were prepared for dissipation
tests. A mixture of 33% kaolin and 67% Edgar ﬁne sand, by
weight, was used to prepare the specimens. On the ﬁrst
isotropically loaded specimen, a standard 10 cm2 cross-sectional
area piezocone (i.e. reference cone) with u2 conﬁguration was
used for the dissipation test under Boundary Condition 1 (vertical
stress=constant, horizontal stress=constant). For the second
specimen, a 1.0 cm2 cross-sectional area miniature piezocone
(also u2 type) was penetrated in an anisotropically loaded
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656 651specimen under Boundary Condition 3 (vertical stress=constant,
lateral strain=0). The ﬁnal effective stresses on the specimens
before penetration were 206 kPa and 262 kPa vertical, and
206 kPa and 106 kPa, lateral, respectively. The lateral stress
coefﬁcients (K0) were 1 and 0.4, respectively. Both specimens
were normally consolidated, with an overconsolidation ratioFig. 5. General view of setup for the calibration chamber system.
Fig. 6. General view of the East Side Hinterland of Gwang-yang Port.
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Fig. 7. LI and OCR distrib(OCR) of 1. To ascertain 100% saturation of specimens,
138 kPa of back pressure was applied throughout the test
procedure (Lim, 1999).3.2. Field tests
For ﬁeld veriﬁcation of the 1/t extrapolation method, 10
dissipation test results were used in the analyses. All tests were
performed with a 15 cm2 cross-sectional area piezocone. The
dissipation tests were undertaken in accordance with ASTM D
3441. The ﬁeld test site was a soil improvement project area
for the development of an integrated terminal to transfer cargo
from ships to land transportation in the east side hinterland of
Gwang-yang Port, covering a total area of 1,400,000 m2 and
located in southwest coastal area of South Korea (shown in
Fig. 6).
The site was originally a part of Gwang-yang Bay. Water
depths extended from 0 to 5 m mean sea level (MSL) based
on the current top surface of the natural materials. During
construction of the existing Gwang-yang Port, the east side
hinterland area was used as the disposal site for natural clays
dredged from the port. This material brought the hinterland
area up to its current surface elevation of around þ5 m MSL.
The dredge spoil material was contained by a sand and gravel
levee that surrounds the hinterland. The east hinterland area
was ﬁlled by 1997. There was no available data on the length
of time that ﬁlling was in progress or on the elevation to which
this site was originally ﬁlled. However, an analysis of the site's
liquidity index (LI) and overconsolidation ratio (OCR) indi-
cated that the soil conditions consisted of dredge spoil
materials and the natural clay layers, as shown in Fig. 7.
Based on the soil boring results, the soil conditions at the
site were dominated by three zones: the 6–9 m of weak,
compressible dredge spoil, which was surrounded by sand and
gravel dikes; the underlying 8–14 m of soft to very soft natural
clay; and the more competent materials below. The major
geotechnical issues in this project were stability and the
settlement of the soft and compressible dredge spoil. Next inOCR
Dredged Clay
- Oedometer
Dredged Clay
- CRS
Dredged Clay
- Rowe
Natural Clay
- Oedometer
Natural Clay
- CRS
Natural Clay
- Rowe
pth vs. Overconsolidation Ratio
ution along the depth.
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656652importance was the natural soft to very soft clay/silty clay,
which is also relatively weak. Soil proﬁles from the borings
indicated that the site area has basically seven strata, as shown
in Table 1. Numerous soil specimens were tested to obtain
representative engineering parameters for the design.
Those parameters were obtained from consolidation tests,
unconﬁned compression tests, triaxial tests, and water content
tests. A summary of laboratory tests is provided in Table 2,
using their average values. Fig. 7 also shows the plot of the LI
and the OCR along the depth resulting from the laboratory
tests. In the ﬁgure, there is a distinctive trend to indicate the
difference of stress history between the upper dredged spoil
layer and the natural clay layer. According to the plots, the
dredged layer is between six and nine meters, followed by the
natural clay layer. The overall value of LI is greater than 1 in
the upper dredged layer, but in the natural clay layer is less
than 1. Based on the LI and the OCR along the depth, the
stress history of the upper dredged layer and the natural clay
layer appear generally under- to normally consolidated and
slightly overconsolidated, respectively.4. Results and analyses
4.1. Laboratory calibration chamber test
Figs. 8 and 9 show two piezocone dissipation curves and
extrapolated plots for uT versus 1/t from the calibration
chamber tests. The ﬁtted regression lines on extrapolation
plots were extended to obtain the intercept that converges to
the back pressure line (138 kPa) (Fig. 8-b). The two plots forTable 1
General soil stratiﬁcation for ﬁeld site.
Stratum no. Description of stratum Average levels
Top elev.
(in MSL)
Thickness (m)
1 Dredge spoil – very soft clay þ5 6
2 Levee – ﬁrm sand & gravel þ5 12
3 Soft to very soft clay – natural 1 7
4 Medium to stiff clay – natural 7 2
5 Firm sand & gravel – natural 9 2
6 Weathered soil or rock 10 3
7 Rock 12 ND
ND: bottom not determined.
Table 2
Summary of soil parameters for ﬁeld site (Average of 60 tests, Geotechnical Assis
Dredged spoil la
Saturated unit weight, γsat (kN/m
3) 14.7
Initial void ratio e0 2.23
Compression index, Cc 0.78
Coefﬁcient of consolidation (cm2/s) Cv: 7.0 104,
Permeability, K (cm/s) Cv: 7.0 108,
Undrained shear strength, Su (kPa) 0.540 depth þuT versus 1/t represent the straight-line segment of the uT
versus 1/t values in the dotted box of each dissipation curve.
To get more reliable extrapolations, linear regression ana-
lyses were made. Mathematically, the 1/t axis cannot have a
zero value; however, the inﬁnite dissipation can be assumed as
zero in this extrapolation method. R2 is the squared coefﬁcient
of correlation for the linear regression analyses. The values of
R2 in these analyses ranged from 0.8805 to 0.9423, which
indicates signiﬁcant conﬁdence in the linearity of the extra-
polated line. The back pressure line represents the equilibrium
water pressure when 100 percent dissipation is reached
(u0¼u100) as depicted in Fig. 3. In these tests, the back
pressure, 138 kPa, is the original hydrostatic pore pressure (uw)
inside the calibration chamber. As shown in Figs. 8 and 9, the
residual excess pore pressures (uf) from the two plots were
estimated at 0 kPa, which means that the chamber specimen
had already completed the consolidation for the stress state at
which dissipation tests were conducted. This was veriﬁed by
measuring in eight pore pressure transducers at various depths
and radial distances along the path of penetration prior to the
dissipation test. These transducers had been monitoring
whether excess pore water pressure remained within the
specimens throughout consolidation.4.2. Field test
Ten dissipation tests at the ﬁeld site were analyzed by the
above-described technique (1/t extrapolation method). The
analyses followed the same procedure previously performed
on the laboratory chamber specimens. In each test location, the
dissipation test was undertaken at two different depths, which
were representative for the dredged spoil layer and the natural
clay layer. Therefore, a total of 10 extrapolated plots with uT
against 1/t were obtained from the analyses, as shown in
Figs. 10–14. The groundwater level was assumed to be at the
ground surface. As such, the “original” in situ hydrostatic
pressure (uw) was estimated by multiplication of the unit
weight of water (γwater) by the depth of the dissipation test.
In the above ﬁve ﬁgures, solid lines were extrapolated to
obtain the intercept that converged to the hydrostatic pore
pressure. Linear regression analyses were applied to the
extrapolation, as previously used in the chamber specimens.
R2 is the coefﬁcient of correlation from the linear regression
analyses. The hydrostatic pore pressure is the equilibriumtance Report, 2005).
yer Natural clay layer
15.7
1.95
0.78
Ch: 1.0 103 Cv: 7.0 104, Ch: 2.0 103
Ch: 1.0 107 Cv: 7.0 108, Ch: 2.0 107
1.452 0.549 depth þ9.702
Fig. 8. Dissipation and extrapolation plot of standard piezocone (reference cone) in BC 1 specimen (u2 type).
Fig. 9. Dissipation and extrapolation plot of miniature piezocone in BC 3 specimen (u2 type).
Fig. 10. Extrapolation plots of Location 1 in dredged layer (a) and natural clay layer (b).
Fig. 11. Extrapolation plots of Location 2 in dredged layer (a) and natural clay layer (b).
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656 653water pressure when the dissipation test has reached 100
percent full dissipation status. In these locations, the hydro-
static pore pressure measured 19.6–157 kPa because the
dissipation tests were performed at depths of 2.0–16.0 m fromthe ground surface. The estimated residual excess pore
pressures from the plots ranged from 1.4 kPa to 10.8 kPa in
the dredged layer, and from 32.1 kPa to 53.9 kPa in the
natural clay layer. The negative residual excess pore pressures
Fig. 12. Extrapolation plots of Location 3 in dredged layer (a) and natural clay layer (b).
Fig. 13. Extrapolation plots of Location 4 in dredged layer (a) and natural clay layer (b).
Fig. 14. Extrapolation plots of Location 5 in dredged layer (a) and natural clay layer (b).
Table 3
Summary of analyses using the 1/t extrapolation method for ﬁeld test.
Dredged spoil layer Natural clay layer
u100 uw uf R
2 Depth (m) u100 uw uf R
2 Depth (m)
1 37.5 29.4 8.1 0.92 3 93 68.7 24.3 0.97 7
2 39 28.4 10.6 0.81 2.9 203 149.1 53.9 0.99 15.2
3 50 39.2 10.8 0.99 4 66 98.1 32.1 0.99 10
4 50 39.2 10.8 0.87 4 160 157.0 3.0 0.95 16
5 21 19.6 1.4 0.90 2 74 78.5 4.5 0.99 8
nu100: intercept, uw: hydro-static pore pressure, uf: residual excess pore
pressure. nUnits¼kPa.
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656654may indicate complete consolidation or possibly an over-
consolidated status of the tested strata. The summary of these
analyses (1/t extrapolation method) is shown in Table 3. As
depicted previously in Fig. 3, the residual excess pore pressure
(uf) is the difference between the hydrostatic pore pressure (uw)
at full dissipation and the estimated intercept (u100) by the
extrapolation. By manipulating the intercept (u100), the hydro-
static pore pressures (uw), and the initial excess pore pressure
(ui) at the beginning of the dissipation test, the evaluation of
the status of consolidation may be feasible, based on the
following equation:
Uð%Þ ¼ uiu100
uiuW
 
 100 ð4Þ
U(%) is the status of consolidation as a percentage, u100 is
the intercept or the equilibrium water pressure when 100percent dissipation is reached, and ui is the initial excess pore
pressure at the beginning of the dissipation test as shown in
Figs. 2–4.
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656 655Table 4 shows a summary of the calculations using Eq. (4).
The status of consolidation (U%) in Table 4 may not be the
same as the degree of consolidation obtained by conventional
methods such as the oedometer test, but it provides the trend of
the status of consolidation in the soil. Based on the analyses,
the dredged spoil layer was slightly underconsolidated, and the
natural clay layer appeared normally consolidated or slightly
overconsolidated. These trends qualitatively matched well with
Fig. 9.
The status of consolidation is also plotted along the dissipation
depth, as shown in Fig. 15. This ﬁgure may indicate signiﬁcantly
the value of the extrapolating method, using the incomplete
piezocone dissipation test, in evaluating the status of the
consolidation of the soil deposit. As shown by the above ﬁeld
tests, extrapolation (1/t method) of the incomplete piezocone
dissipation test promises to be a valuable predictive tool to
estimate the status of consolidation of strata at the site.Table 4
Summary of status of consolidation for ﬁeld test.
Dredged spoil layer Natural clay layer
U(%) u100 ui uw U (%) u100 ui uw
1 70 37.5 56 29.4 74 93 163 68.7
2 62 39 56 28.4 73 203 349 149.1
3 92 50 171 39.2 110 66 411 98.1
4 72 50 78 39.2 99 160 401 157.0
5 95 21 51 19.6 103 74 211 78.5
Ave. 78 – – – 92 – – –
nUnits¼kPa.
Fig. 15. Degree of consolidation along the depth of dissipation test.4.3. Validation of the method of extrapolation
In laboratory calibration chamber tests, the consolidation
status of the specimen before and during the dissipation tests
were validated by eight miniature piezometers installed within
the body of the specimen. However, in the ﬁeld tests, there
were no such proper validation tests as piezometers. Therefore,
the LI and the OCR were used as qualitative indicators for the
stress history of the ﬁeld site, even though these methods are
approximate and empirical by and large (Simons and Menzies,
1975; Wood, 1985; Mayne et al., 2002). Ideal validation of
ﬁeld tests will necessitate piezometers to be installed in various
strata to measure the uw and u0, a labor-intensive and expen-
sive proposition.
To correlate the above-described technique using piezocone
dissipation ﬁeld test with stress history or the degree of
consolidation of soil deposit, soil parameters such as the LI
and the OCR are shown in Fig. 7. Usually, the LI provides the
general trend of degree of consolidation without the impact of
sampling disturbance and the error of selecting a soil parameter
to calculate stress history or degree of consolidation (Simons
and Menzies, 1975). Regardless of scattering range in the
analyses, Fig. 9 indicates that the upper dredged spoil layer
was underconsolidated to slightly underconsolidated, and the
lower natural clay layer was normally to slightly overconso-
lidated to overconsolidated. These soil parameters matched
well with the analyses of the 1/t extrapolation method.
5. Summary and conclusions
This paper presents a new approach to evaluate the status of
consolidation, using incomplete piezocone dissipation tests.
This approach extrapolates the measured dissipation data on an
inverse time scale (i.e., uT versus 1/t) to estimate the in situ
(equilibrium) pore pressure, u0, from an incomplete dissipation
record. In this extrapolation plotting, the last segment of the uT
versus 1/t data typically shows a straight-line relationship. To
verify the inverse time scale method in estimating the status of
consolidation, 12 dissipation tests were analyzed in this study.
Two of them were rigorous laboratory calibration chamber
tests using piezocone, and the remaining 10 were ﬁeld piezo-
cone tests performed in soft ground soil deposits of the
southwest coastal area of Korea.
In the laboratory chamber tests, the plots for uT versus 1/t
from the calibration chamber tests were extrapolated to obtain
the intercept that converges to the back pressure line. The
residual excess pore pressures from the two plots were estimated
at 0 kPa, which means that the chamber specimen completed the
consolidation for the stress state at which dissipation tests were
conducted. This was veriﬁed by measuring pore pressures at
various depths and radial distances along the path of penetration
prior to the dissipation tests. For ﬁeld veriﬁcation of the 1/t
extrapolation method, 10 dissipation test results were used in the
analyses. The ﬁeld tests were conducted at a soil improvement
project for a construction site to develop the hinterland of
Gwang-yang Port of South Korea. The ﬁeld site consisted of
dredged layer on top of the site's natural clay layer. The stress
B.S. Lim et al. / Soils and Foundations 54 (2014) 648–656656history of the upper dredged layer and the natural clay layer
appeared generally underconsolidated and slightly overconsoli-
dated, respectively. Five locations of dissipation test in the site
were analyzed using the extrapolation method. Based on the
analyses, the dredged spoil layer was underconsolidated to
slightly underconsolidated; the lower natural clay layer appeared
normally consolidated or slightly overconsolidated. These trends
qualitatively matched well with the analysis of the LI and the
OCR values from laboratory tests.
These results indicate that even with incomplete piezocone
dissipation tests, one can use the extrapolation method to estimate
the status of soil deposit consolidation at a site. Also, we can use
the same extrapolation methods when the “original” pore water
pressure u0 is lower than uw. For example, excess ground water
pumping will cause negative excess pore water pressure. Further
research is recommended using calibration chamber studies and
ﬁeld tests on highly overconsolidated and underconsolidated
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